Methyl glyoxal inhibits the growth of Escherichia coli in synchronous and asynchronous culture. The inhibition of growth is accompanied by immediate inhibition of protein synthesis and of the initiation of replication of DNA. When methyl glyoxal is added after initiation of a round of replication the elongation of new DNA chains is not inhibited. Cell division is inhibited if methyl glyoxal is added up to about 22 min prior to division. These results support the view that the primary effect of methyl glyoxal is on protein synthesis.
Determinafion of cell nurnber. Cell counts were obtained with a model ZF Coulter counter fitted with a 30 pm orifice. Samples of 0.1 ml were removed from a synchronously growing culture and added to 0.1 ml of cold 10 % (v/v) formaldehyde. Cells stored in this way were counted within 6 h of sampling and counts showed a sample variation of k 5 %. All solutions were routinely filtered through Millipore filters (0.22 pm pore size) prior to experiments, to minimize counting error.
Estimation of the rate of DNA, RNA and protein synthesis. The rate of incorporation of radioactive precursors into DNA, RNA or protein was determined by removing 0.4 ml of culture at regular intervals and adding it to 0.1 ml of 0-1 : ( (w/v) glucose minimal medium containing the required radioactive precursor:
[3H]thymidine [0.4 pCi, 5 Ci mmol-1 (185 GBqmmol-l)], [3H]leucine [2 pCi, 1 Ci mmol-1(37GBqmmol-1)] or [3H]uracil [0.4 pCi, 5 Ci mmol-1 (185 GBq mmol-')I. The incorporation was stopped after 3 or 3.5 min by the addition of 0-5 ml ice-cold 10 74 (w/v) trichloroacetic acid containing 0-25 mg unlabelled precursor. Samples were kept on ice until the end of a run; then, after filtration on to Whatman 2-5 cm GF/C glass fibre filters, the radioactivity was determined by liquid scintillation counting.
Methyl glyoxal. Methyl glyoxal [Sigma Grade 111, as 40 0 4 (w/v) aqueous solution] was purified by direct steam distillation and its concentration was determined by the method of Sawicki et at. (1961) . Unless stated otherwise, it was added to cultures to give a final concentration of 0.25 mM.
R E S U L T S
The eflects of methyl gZyoxal Eflect on growth. When methyl glyoxal was introduced into asynchronous cultures of E. coli B/r growing exponentially on glucose minimal medium, inhibition of growth was observed, the extent of inhibition depending both on the cell density at the time of addition and on the concentration of methyl glyoxal in the culture. Methyl glyoxal at 0.25 mM completely inhibited the growth of a culture containing 3.7 x lo6 cells ml-l but 0-5 m n M was required for the same effect in a culture containing 5 x lo7 cells ml-l. Moreover, 0.5 mMmethyl glyoxal did not elicit complete inhibition of growth in a culture containing 3-4x lo8 cells ml-l.
e f e c t s on macromolecuZar synthesis. Figure 1 shows the effects on the rates of synthesis of protein, DNA and RNA of the inclusion of methyl glyoxal in an asynchronous culture of E. coli B/r (3 x lo6 cells ml-l) growing exponentially in glucose minimal medium. In the case of protein synthesis (Fig. la) , the addition of methyl glyoxal was followed by a large immediate decrease in the rate of synthesis. The rate continued to fall throughout the experiment; by 60 min after addition, the rate was loo/, of that in the control. In samples from the same culture, the rate of DNA synthesis also fell immediately after the addition of methyl glyoxal (Fig. 1 b) . However, the fall in the rate of DNA synthesis was not as large as that of protein synthesis. The decreased rate of synthesis remained nearly constant throughout the remainder of the experiment and was 26 "/] of the control rate 60 min after addition of the inhibitor. In a similar experiment, the rate of RNA synthesis was not immediately affected by the addition of methyl glyoxal (Fig. 1 c) , remaining similar to that of the control culture for about 20 min after addition of the inhibitor. However, by 60 min after addition the rate of RNA synthesis had dropped to 68 q of the control value. These results suggest that protein synthesis and DNA synthesis are strongly inhibited by methyl glyoxal whereas the inhibition of RNA synthesis is probably a secondary effect. chain elongation was reduced after the addition of methyl glyoxal, we added methyl glyoxal at 0.25 mM (a concentration which completely prevented growth of a culture containing 6 x lo6 cells ml-l) to a synchronous culture of E. coli B/r, in which all the cells had successfully initiated a round of DNA replication (Fig. 20) . There was no immediate reduction in the rate of DNA synthesis, in contrast to the observation in asynchronous cultures (Fig. 16) . However, the initiation of subsequent rounds of DNA replication was completely inhibited in the treated culture although they occurred in the control. Eflect on initiation of DNA replication. The addition of methyl glyoxal to a synchronous culture of E. coZi B/r about 5 rnin after the start of the initiation step resulted in a complete block in the initiation of a new round of DNA synthesis (Fig. 2 4 . This effect is further illustrated in Fig. 2(c) in which the majority of the cells in the culture had already initiated a round of DNA replication before the addition of methyl glyoxal. Cells which had not initiated a new round of DNA replication at the time of treatment were apparently prevented from doing so. However, the rate of DNA synthesis after the addition of methyl glyoxal did not immediately decrease but remained at the level achieved immediately prior to methyl glyoxal addition for 40 min. Only then did the rate of DNA synthesis decrease. We interpret these observations as indicating that methyl glyoxal inhibits initiation of new rounds of DNA replication but does not affect rounds of replication already in progress. It is apparent that the rate of DNA synthesis in the culture shown in Fig. 2(c) again increased 60 rnin after methyl glyoxal addition. This is possibly a result of the activity of the glyoxalase system which metabolizes methyl glyoxal to D-lactate (Racker, 195 1) ; a reduction in methyl glyoxal concentration would then allow initiation to take place.
Eflect on protein synthesis in synchronous cultures. The change in the rate of protein synthesis after adding methyl glyoxal to a synchronously growing culture of E. coli B/r 5 min and 20 rnin before cell division is shown in Fig. 3 . In both cases the rate of protein synthesis immediately decreased. The inhi bition of the rate of protein synthesis continued for the duration of the experiment.
Eflect on cell division in synchronous cultures. Since methyl glyoxal has previously been shown to be cytostatic in bacterial cultures, we determined its effect on the ability of synchronously growing E. coli B/r cells to divide. Figure 4 illustrates a series of experiments in which methyl glyoxal was added at various times prior to division. Addition 5 or 10 rnin before the first cells divided (Fig. 4a, 3) did not affect the timing or extent of the subsequent cell division. Addition 12 rnin before the first cells divided (Fig. 4c) permitted most of the cells to divide in the current cycle, but inhibited cells which would otherwise have divided towards the end of the division period. This inhibition could be seen approximately 22 rnin after adding methyl glyoxal, the rate of cell division becoming markedly slower although the cell number eventually approached that of the control. A similar result was obtained when methyl glyoxal was added 20 min before division (Fig. 4d) . In this case the rate of increase in cell number was inhibited from the start of the division step but eventually cell numbers again reached the control value. In none of these experiments (Fig. 4a to d) was the timing of the start of the division step affected by the addition of methyl glyoxal.
Adding methyl glyoxal24 min before cell division was due (Fig. 4e ) resulted in a delay in the onset of cell division until 45 min after division took place in the control. Some, but not all, cells were then able to divide. Addition of methyl glyoxal 30 rnin before division (Fig.  4f) gave a similar result to that shown in Fig. 4 (e) except that even fewer cells were eventtually able to divide. None were able to divide in the step due 45 rnin after addition of methyl glyoxal (Fig. 4a) .
D l S C U S S I O N
Methyl glyoxal has an inhibitory effect on the growth rate of E. coli, the extent of inhibition being dependent on both the methyl glyoxal concentration and the cell density of the culture. Szent-Gyorgyi et al. (1967) observed that if the cell density was increased tenfold the methyl glyoxal concentration had to be increased tenfold to elicit a comparable degree of inhibition. However, our results indicate that when the cell density is increased approximately tenfold from 3.7 x lo6 to 5 x lo7 cells ml-l the concentration of methyl glyoxal required for complete inhibition of growth increased only twofold, from 0.25 mM to 0.5 mM. We cannot account for this discrepancy.
We observed (Fig. 1 ) that methyl glyoxal caused greater immediate inhibition of protein synthesis than DNA synthesis although both were strongly inhibited. These results agree with the findings of Egyud & Szent-Gyorgyi (19663) and Krymkiewicz et al. (1971) insofar as they demonstrate a strong inhibition of protein synthesis by concentrations of methyl glyoxal that completely inhibit growth. However, our observation that DNA synthesis is considerably inhibited by methyl glyoxal is contrary to the findings of Egyud & SzentGyorgyi (1 966b). It is important to note that in our studies we measured the rate of macromolecular synthesis at various times after treatment, whereas in previous reports (Egyud & Szent-Gyorgyi, 19663; Krymkiewicz et al., 1971) only the total synthesis during a prolonged incubation was measured.
Addition of methyl glyoxal to synchronously growing cells after the initiation of a round of DNA replication had taken place did not reduce the rate of DNA chain elongation. However, adding methyl glyoxal prior to, or at the time of, initiation of DNA replication resulted in complete inhibition of the process. Thus methyl glyoxal probably selectively inhibits initiation of DNA synthesis rather than DNA synthesis per se. DNA synthesis in bacteria is not a continuous process (Helmstetter, 1968) ; its initiation involves the formation of a complex which requires prior protein synthesis (Lark et al., 1963; Maalare & Hanawalt, 1961) . Once DNA replication has been initiated no further protein synthesis is required until termination of the round of replication. There are a number of possible mechanisms which could be considered to explain the effect of methyl glyoxal on initiation. A specific interaction of methyl glyoxal with the initiation complex or the reaction of methyl glyoxal with the so-called ' anti-inhibitor ' proposed by Rosenberg et al. (1969) could occur. Another possibility is that the inhibition of initiation of DNA synthesis is a result of the inhibition of protein synthesis, since protein synthesis is undoubtedly required for initiation (Lark et a/., 1963; Maallae & Hanawalt, 1961) . Indeed, it has been reported that protein synthesis is required at the time of initiation (Ward & Glasser, 1969) or 5 min before initiation takes place (Lark & Renger, 1969 ; Messer, 1972) . The immediate inhibition of protein synthesis after addition of methyl glyoxal (Fig. 3) lends support to the proposal that the block in initiation of DNA replication is due specifically to inhibition of protein synthesis. The effects of methyl glyoxal on cell division (Fig. 4 ) may also be a consequence of the inhibition of protein synthesis. Although protein, RNA and DNA synthesis are required up to 20 rnin before division, no protein, RNA or DNA synthesis is required in about the last 20min of the bacterial cell cycle (Jones & Donachie, 1973) . According to the model of Jones & Donachie (1973) a termination protein is synthesized at completion of a round of replication, about 20 min prior to cell division. lnhibition of protein synthesis 20 or more minutes before cell division would therefore result in a delay in the timing of cell division. We have observed that the timing of cell division was only affected when methyl glyoxal was added about 22 min before the division event. Addition more than 22 min before division either delayed it or completely prevented it taking place. Because of the approximate timings, our observations can be explained by the Jones & Donachie (1 973) model if methyl glyoxal prevents the synthesis of the termination protein. Jones & Donachie (1973) used chloramphenicol as an inhibitor of protein synthesis in cultures which had been synchronized by a technique which permitted events which normally occur in the 20min period between the completion of a period of chromosome replication and cell division to be largely completed during the pretreatment period during which DNA synthesis was inhibited. If methyl glyoxal had caused a total permanent inhibition of protein synthesis its presence should cause a total permanent block to cell division. The fact that we observed that division was delayed but not permanently inhibited can be explained by two observations. At the concentration of methyl glyoxal which we used, protein synthesis was not completely inhibited and thus the termination protein might still have been produced, but at a time later than usual. In addition, the bacteria contained the glyoxalase system (Racker, 1951) which metabolizes methyl glyoxal, continuously reducing its concentration. We are investigating whether chloramphenicol used in our synchronous cultures mimics the effects of methyl glyoxal on cell division but with the advantage of not being metabolically removed. We predict that it should, if, like Otsuka & Egyud (1968), we are correct in proposing that the primary effect of methyl glyoxal is on protein synthesis. H. N. A. Fraval gratefully acknowledges receipt of an S.R.C. studentship.
